The F 1 hybrid of autoimmune hemolytic anemia-prone NZB and nonautoimmune NZW strains of mice has been studied as a murine model of systemic lupus erythematosus. Both NZB and F 1 hybrid mice show age-dependent spontaneous activation of peripheral CD4
Introduction
The NZB strain of mice spontaneously produces antierythrocyte autoantibody and has been studied as a model of autoimmune hemolytic anemia. [1] [2] [3] The NZW strain of mice is principally a nonautoimmune strain, although a mild form of glomerulonephritis has been described. 4, 5 The F 1 hybrid of NZB and NZW strains develops autoimmune disease that closely resembles human systemic lupus erythematosus (SLE). 2, 3, 5 B1 cells were shown to be responsible for autoantibody production in F 1 hybrid mice, 6, 7 and two NZB alleles of the loci, one termed Imh-1 on telomeric region of the chromosome 4, and the other termed Hig-1 on the telomeric region on chromosome 1, were shown to be responsible for the early and late abnormalities of B1 cells, respectively. 8 It was also well documented that in these F 1 hybrid mice, accelerated autoimmune phenotypes typical of SLE, such as immune complex-mediated glomerulonephriti and the production of immunoglobulin G (IgG)-class autoantibodies to double-stranded DNA (dsDNA) were strictly dependent on the heterozygosity of MHC. 9, 10 These observations, together with the evidence that DNA-specific B cells in F 1 hybrid mice undergo affinity maturation of their BCR and class switching of their Ig genes, 11, 12 suggested that epistatic interactions of the particular alleles of MHC class II genes predispose autoreactive repertoire of Th cells to the positive selection. 3 Accordingly, Th cells restricted by the mixed-haplotype MHC class II molecule were shown to help the production of IgG-class anti-dsDNA antibodies in these mice. 13 Nevertheless, the puzzling problem was the abnormality observed on the polyclonal CD4 þ T cells in F 1 hybrid mice.
In aged (NZB Â NZW) F 1 mice with overt SLE, a large proportion of splenic CD4 þ T cells express CD69, an early activation marker.
14 These CD4 þ T cells show an abnormally low capacity to produce interleukin (IL)-2 on stimulation, and they show subset skewing, the latter of which is reflected by the reduced frequencies of cells positive for CD62L (a marker of naive cells) and/or NTA260 (a marker for memory cells). 15, 16 These observations closely paralleled those reported for the peripheral CD4 þ T cells in human SLE patients. In human SLE, peripheral CD4
þ T cells show a low capacity to produce IL-2 on stimulation [17] [18] [19] [20] and high frequencies of cells positive for early activation markers such as human leukocyte antigen-DR, -DP and CD69. [21] [22] [23] [24] These cells also show subset skewing, as reflected by the reduced frequencies of 2H4 þ CD4 þ T cells that correspond to the suppressor-inducer subset of CD4 þ T cells. 21, 25, 26 In the present study, we focused on the loci responsible for the genetic predisposition to the spontaneous activation and subset skewing of peripheral CD4 þ T cells in aged (NZB Â NZW) F 1 mice with the hope that knowledge of such loci will lead to an understanding of the molecular mechanism of Th cell abnormalities and the role of these abnormalities in the pathogenesis of SLE.
Results
Spontaneous activation and subset skewing of splenic CD4 þ T cells in New Zealand mice Splenic CD4
þ T cells from 8-month-old autoimmune hemolytic anemia-prone NZB, SLE-prone (NZB Â NZW) F 1 and nonautoimmune NZW mice were analyzed for their activation status as measured by the expression of the CD69 early activation marker, and for subset compositions as dissected by the expression of CD62L and NTA260 antigen, which are naive and memory cell markers, respectively. 16 Representative fluorescence-activated cell sorter (FACS) profiles are shown in Figure 1 . Higher frequencies of CD69 þ cells in splenic CD4 þ T cells were observed in NZB ( Figure 1a ) and (NZB Â NZW) F 1 ( Figure 1d ) than in NZW (Figure 1g ) mice. At 2 months of age, these three strains of mice and normal (C57BL6 Â BALB/c) F 1 mice showed low frequencies (11-14%) of CD69 þ cells in the total CD4 þ T cells (data not shown). These results showed that large proportions of splenic CD4 þ T cells in NZB and (NZB Â NZW) F 1 mice were spontaneously activated, and this feature was a dominant trait originated from the NZB strain. As was reported previously, 16 spontaneous activation of CD4 þ T cells was associated with the polarization of the subsets of CD4 þ T cells as dissected by the two differentiation markers, homing receptor Lselectin (CD62L) 27 and NTA260 antigen. NTA260 antigen is a target autoantigen of a monoclonal natural thymocytotoxic autoantibody originated from aged NZB mice, and has been shown to be associated with the memory cells in CD4 þ Th cells. 15, 16 Normal peripheral CD4 þ T cells were divided into four populations with distinct functional characteristics by the phenotypes with respect to these two differentiation markers. 16 Splenic CD4 þ T cells of 8-month-old NZB and (NZB Â NZW) F 1 mice were mostly CD62L À (Figure 1b and e), whereas those in NZW mice were either CD62L þ or CD62L À (Figure 1h ). Splenic CD4 þ T cells of NZB and (NZB Â NZW) F 1 mice were mostly NTA260 À (Figure 1c and f), whereas those of NZW mice were either NTA260 þ or NTA260 À (Figure 1i ). Therefore, in accordance with the previous report, 16 the spontaneous activation of CD4 þ T cells was associated with the polarization of the subset of CD4 þ T cells in NZB and (NZB Â NZW) F 1 mice.
Genome-wide scans for the quantitative trait loci regulating the spontaneous activation and subset skewing of CD4 þ T cells To determine the loci involved in the spontaneous activation and subset skewing of CD4 þ T cells, female (NZB Â NZW) F 1 mice were crossed with male NZW mice to produce progeny of (NZB Â NZW) F 1 Â NZW backcross mice. Spleen cells from 355 female backcross mice were analyzed for their phenotypes at 8 months of age, as shown in Figure 1 . Figure 2 shows the 
þ cells between NZB vs NZW mice, and those between (NZB Â NZW) F 1 vs NZW mice were statistically significant (Po0.005) using Student's t-test. Figure 2c ) in the CD4 þ T cells of (NZB Â NZW) F 1 Â NZW backcross mice. The average frequencies of these cells in NZB, NZW and F1 hybrid mice are also summarized in each figure. When these quantitative traits were categorized into either NZW or F 1 types using the thresholds as defined by the mean 72 Â s.d. levels for F 1 hybrid mice, three F 1 -type traits were in linkage disequilibrium in the backcross mice. The values of the standardized disequilibrium 28 
þ vs low NTA260 þ cell frequencies were 0.56, 0.44 and 0.43, respectively.
To elucidate the loci involved in the spontaneous activation of splenic CD4 þ T cells, backcross mice were genotyped for 119 polymorphic chromosomal microsatellite markers and were analyzed for quantitative trait loci (QTL) regulating the frequencies of CD69 þ , CD62L þ and NTA260 þ cells in the splenic CD4 þ T cells using the Map Manager program. 29 To demonstrate the effects of minor QTL, association rule analysis was also conducted on genotypes and phenotypes of backcross mice. Table 1 summarizes the microsatellite markers linked to the abnormalities of splenic CD4 þ T cells. 'Highly significant' linkages to the elevated frequencies of CD69 þ CD4 þ T cells were observed with two microsatellite markers, D12Mit85, located on the centromeric region on chromosome 12, and D17Mit22, located within the MHC class II region on chromosome 17 ( Figure 3) . The NZB alleles of D12Mit85 and D17Mit22 had dominant effects on the frequencies of CD69 þ CD4 þ T cells in the backcross mice ( Figure 4 ). The QTL linked to D12Mit85 and D17Mit22 are heretofore designated Sta-1 and Sta-2 (spontaneous T-cell activation), respectively. There were also four markers, D2Mit55, D6Mit25, D8Mit156 and D15Mit15, associated with elevated frequencies of CD69 þ CD4 þ T cells. Although the lod Genetic control of Th cell activation in SLE mice T Fujii et al scores observed for these markers were below the criterion for 'significant' linkage in genome-wide studies, 30 the allelic effects of these minor QTL linked to these markers appeared to be significant, because the combined effects of Sta-1, Sta-2 and these minor loci were also demonstrated by association rule analysis (Table 2) .
Similar but broad lod curve on chromosome 12 was observed for the decreased frequencies of CD62L þ CD4 þ T cells. The linkages of two microsatellite markers, D12Mit85 and D17Mit22, were above the criteria of 'significant' and 'highly significant' linkages, respectively. Four additional markers, D2Mit55, D6Mit25, D8Mit156 and D9Mit11, showed 'suggestive' linkage. Association rules were revealed for two of these markers (D6Mit25 and D8Mit156) and for one marker on chromosome 2 (D2Mit254) that is linked to D2Mit55 (Table 2) . Therefore, elevated frequencies of CD69 þ CD4 þ T cells and decreased frequencies of CD62L þ CD4 þ T cells were coordinated events based on the common multigenic predisposition. 'Significant' and 'highly significant' linkages to the reduced frequency of NTA260 þ CD4 þ T cells were also observed for D12Mit85 and D17Mit22, respectively. Highly significant linkage to the decreased frequencies of NTA260 þ CD4 þ cells was also observed on distal region on chromosome 17 suggesting the presence of another QTL. The involvement of other minor loci was less evident.
Discussion
The involvement of Th cells in the pathogenesis of SLE of (NZB Â NZW) F 1 mice has been well documented. In these mice, the administration of anti-CD4mAbs leads to amelioration of the disease. 31 The production of the anti-dsDNA IgG Abs in vitro by B cells from young (NZB Â NZW) F 1 mice was enhanced by CD4 þ Th cells from aged (NZB Â NZW) F 1 mice. 32, 33 Ig heavy-chain genes of the anti-ds DNA autoantibodies from (NZB Â NZW) F 1 mice showed evidence for the process of clonal selection and affinity maturation of autoantibody-producing B cells. 11, 12 The autoimmune phenotypes typical of SLE such as the production of the anti-dsDNA IgG Abs and lupus nephritis were shown to be strictly dependent on the heterozygosity of MHC, 9,10 the observations of which were also confirmed in the present study (data not shown 34 It was also demonstrated that expression levels of I-E molecules have a strong impact on the accelerated autoimmune features. 35 All these observations suggested that autoreactive CD4 þ Th cells play important roles in the accelerated autoimmune Association rules between the combination of NZB alleles of the chromosomal microsatellite markers and abnormal features of splenic CD4 + T cells were iteratively sought in (NZB Â NZW) F 1 Â NZW backcross mice (n ¼ 355) as described in Materials and methods. The combination of up to five out of 118 NZB alleles of microsatellite markers was tested. The significance of the rule was evaluated by the value of odds ratio observed on 2 Â 2 contingency table for the antecedent and the consequence. Association rules in which any two of the microsatellite markers were in linkage (yo0.45) were excluded from the list.
Genetic control of Th cell activation in SLE mice T Fujii et al phenotypes in these mice, and that epistatic interactions of particular MHC class II genes are responsible for the genetic predisposition to the positive selection of the autoreactive repertoire of Th cells. Recent extensive genetic studies on familial human SLE also revealed the risk haplotypes in the MHC class II region and added evidence that particular alleles of MHC class II genes bear susceptibility to SLE at least in a subset of human SLE. 36 Nevertheless, abnormalities observed in large proportions of polyclonal CD4 þ T cells in murine as well as human SLE have been enigmatic considering that interaction of particular alleles of MHC class II genes is solely responsible for the positive selection of cryptic repertoire of autoreactive CD4
þ Th cells in SLE.
Spontaneous activation of peripheral CD4
þ T cells is commonly associated with varieties of systemic autoimmune diseases such as rheumatoid arthritis, 37 SLE, [21] [22] [23] [24] Sjogrens syndrome 38 and idiopathic portal hypertension. 39 In human SLE, expression of early activation marker CD69 on peripheral T cells is considered the phenotype most closely associated with the severity of the disease. 24 (NZB Â NZW) F 1 mice show age-associated increases in the frequencies of CD69 þ CD4 þ T cells in the spleen, as well as inflammatory infiltrates of CD69 þ CD4 þ T cells in the kidney and lung. 14 In these mice, a large proportion of the Th cell repertoire is activated and there is no difference between the TCR Vb gene usages in CD69
þ and CD69 -Th cells. 14 These abnormal features on splenic CD4 þ T cells were also associated with subset skewing as dissected by the expression of CD62L (a naive marker) and NTA260 (a memory marker), 16 and with a severely impaired capacity to produce IL-2 upon stimulation. 14 In the present study, we mapped the loci involved in spontaneous activation and subset skewing of splenic Th cells in (NZB Â NZW) F 1 Â NZW backcross.
The results of the genome-wide QTL mapping demonstrated that spontaneous activation and subset skewing of the splenic CD4 þ T cells in (NZB Â NZW) F 1 mice were under multigenic control, in which two major loci, one linked to the centromeric region on chromosome 12 (Sta-1) and the other closely linked to the H-2 complex on chromosome 17 (Sta-2), play major roles. Although the allelic effects of other minor loci were below the criterion of 'significant' linkage, their contribution was supported by the power of association rule analysis. Among these minor loci, one linked to D6Mit25 was noteworthy because of its close linkage to the locus of Cd69 gene (www.informatics.jax.org/). A similar multigenic control was observed on the abnormal subset skewing of CD4 þ T cells dissected by the expression of CD62L and NTA260.
Of particular interest is the similarity between the two major loci observed in the present study and those reported to be involved in the accelerated autoimmune phenotypes in FcgRIIB-deficient mice. It is known that FcgRIIB-deficient mice develop spontaneous antinuclear antibodies and fatal glomerulonephritis when on susceptible C57BL/6 but not on resistant BALB/c background. 40 Bolland et al. 41 mapped the susceptibility loci in (C57BL/6. Fcgr2b À/À Â BALB/c. Fcgr2b À/À ) F 2 intercross mice. They observed that two C57BL/6 alleles of the genes termed Asbb2 on the centromeric region on chromosome 12 and Asbb3 proximal to H-2 on chromosome 17 are involved in the genetic susceptibility to autoantibody production in FcgRIIB-deficient C57BL/6 mice. More recently, by using FcgRIIB-deficient mice with 'knock in' DNA-specific Ig genes, Fukuyama et al. 42 demonstrated that class switching and affinity maturation of 'knock in' anti-DNA Ig gene occur in FcgRIIBdeficient C57BL/6 mice but not in FcgRIIB-deficient BALB/c mice. Therefore, although the production of autoantibodies depended on the defective Fcgr2b gene, their class switching and affinity maturation were under the control of the combined effect of the C57BL/6 alleles of Asbb2 and Asbb3.
In (NZB Â NZW) F 1 mice, the NZB allele of Fcgr2b, with a unique deletion polymorphism in the promoter sequence, has been the most plausible Hig-1 candidate on the telomeric region of chromosome 1 that was responsible for the late B1 cell abnormalities. [43] [44] [45] Although the allelic effects of Sta-1 on autoantibody production and SLE phenotypes were obscure in (NZB Â NZW) F 1 mice in the present study, it is tempting to speculate that Sta-1 is identical to Asbb2 on chromosome 12 and may also be involved in the loss of Th cell tolerance leading to the accelerated autoimmune phenotypes in (NZB Â NZW) F 1 mice. It is of note that one of the locus (Nbwa1) involved in the anti-chromatin antibody production and glomerulonephritis in (NZB Â BALB/c) F 2 intercross mice were reported to be on the centromeric region on chromosome 12. 46 The regulation of the sensitivity of T cells towards IL-2 (Cinda-2), 47 susceptibility to skin tumor (Skts-5) 48 and age-related increase of CD4 þ cell populations (CD4ts5) 49 have been also mapped proximal to Sta-1. Very recently, the CD69 early activation marker was reported to function downstream of the type-I interferon to promote the retention of lymphocytes in lymphoid organs. 50 Systemic administration of an inducer of interferon-a/b, such as polyinosinic polycytidylic acid (poly I:C) led to high frequencies of lymphocytes expressing CD69 accumulated in lymphoid organs. Induction of CD69 expression on the splenic CD4 þ cells in normal mice by poly I:C was shown to downregulate sphingosine 1-phosphate receptor 1 (S1P 1 ), which was required for the egress of lymphocytes from lymphoid organs. 50 As the role of interferon-a/b on the pathogenesis of SLE was highlighted recently, 51 identification of Sta-1 will be a clue to understanding the mechanism of spontaneous activation of CD4 þ Th cells and the role of this abnormal activation in the pathogenesis of SLE.
Materials and methods
Mice NZB, NZW and (NZB Â NZW) F 1 mice were obtained from the Shizuoka Laboratory Animal Center (Shizuoka, Japan) and were maintained in the animal care facility at Toin University of Yokohama (Kanagawa, Japan). Female (NZB Â NZW) F 1 mice (2-month-old) were backcrossed to male NZW mice (2-month-old) to obtain the backcross progeny. Only female backcross mice were analyzed.
Monoclonal antibodies
The biotinylated mAbs, CD62L/L-celectin (Mel-14) and CD69 (H1.2F3) were obtained from Pharmingen (San Diego, CA, USA). CD4 (GK1.5) mAb labeled with fluorescein isothiocyanate (FITC) and with phycoerythrin (PE) was also from Pharmingen. A monoclonal natural thymocytotoxic autoantibody NTA260 was obtained as described. 15 Streptavidin-RED670 conjugate was purchased from Life Technologies (Rockville, MD, USA).
FACS analysis
A single-spleen cell suspension was obtained by gently dispersing the tissue using a pair of tweezers in phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin (BSA) (Sigma Chemical, St Louis, MO, USA) and 0.1% sodium azide. Approximately, 2 Â 10 6 spleen cells were stained with the combination of the appropriate concentrations of PE-labeled anti-CD4mAb and biotinylated anti-CD69mAb in the presence of rat serum (1/25). After washing with PBS containing BSA and sodium azide, the cells were subsequently stained with streptavidin-RED670. Staining with the following combinations of mAbs, PE-labeled anti-CD4 -biotinylated anti-CD62L plus FITC-conjugated streptoavidin, and PE-labeled anti-CD4 -FITC-conjugated NTA260 was also processed using the same procedures as above. Stained cells were analyzed with a FACS Vantage fluorescence-activated cell sorter (Becton Dickinson, San Jose, CA, USA) using Lysis II software (Becton Dickinson).
Genotyping chromosomal microsatellite markers
Genomic DNA of the female (NZB Â NZW) F 1 Â NZW backcross mice was extracted from tail samples stored at À701C as described. 52 The polymorphism of microsatellite markers was analyzed by the modified method described by Dietrich et al. 53 Dye-labeled polymerase chain reaction (PCR) primers flanking chromosomal microsatellite markers were purchased from Applied Biosystems (Foster City, CA, USA). A PCR mixture (10 ml) contained 120 nM of one primer (forward primer), 120 nM of the other primer (reverse primer), 0.25 mM of each dNTP, 10 mM Tris-HCl (pH 8.3), 51 mM KCl, 1.5 mM MgCl 2 , 1.3 mg/ml of the genomic DNA and 0.05 units/ml of Taq polymerase (Life Technologies, Bethesda, MD, USA). The PCR amplifications were carried out using a DNA thermal cycler (Perkin-Elmer Cetus, Foster City, CA, USA). The reaction consisted of initial denaturation at 941C for 1 min, followed by 25 cycles of 941C for 1 min, 56-581C for 1.5 min and 721C for 10 min. PCR products were analyzed using an ABI Prism 3700 DNA Analyzer (Applied Biosystems) and genotyped with GENESCAN and GENOTYPER software (Applied Biosystems).
Multigenic control of the abnormalities of CD4
þ T cells in (NZB Â NZW) F 1 Â NZW backcross mice (n ¼ 355) was studied by association rule analysis. The association rule X ) Y (support, confidence) consists of three parts. 55 For a defined set of selected n genetic markers (M 1 , M 2 , y M n ), an antecedent X denotes the situation where one individual of the backcross mice is heterozygous for all of the selected n microsatellite markers. A consequence Y represents the situation where the same individual is abnormal with respect to a phenotype of CD4 þ T cells. The support and confidence measures the significance of the rule. The support for rule X ) Y is defined as the frequency of individuals in which the rule is true. The confidence for the rule is defined as the ratio of the frequency of individuals in which the rule is true to the frequency of individuals in which X alone is true. Odds ratios were calculated with the 2 Â 2 contingency tables for X and Y. The association rules with the highest support and confidence were iteratively sought for the combination of up to five microsatellite markers using a Microsoft VBA-based program. 54 
